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ABSTRACT 

This  final  report  presents  a  general  overview  of  the  use  of  Electrochemical  Imped¬ 
ance  Spectroscopy  ( EIS )  as  it  applies  to  the  evaluation  of  organic  coated  steels  exposed 
to  aerated,  artificial  (ASTM)  sea  water.  The  testing  was  performed  over  roughly  a  6-year 
span  with  some  samples  subjected  to  immersion  testing  for  up  to  4  years.  Three  project 
reports  have  been  previously  issued  covering  the  initial  test  efforts  11],  a  summary  style 
literature  search  on  the  use  of  EIS  and  coated  metals  [2],  and  an  experimental  correla¬ 
tion  of  the  EIS  parameters  with  the  first  550  days  of  sample  exposure  in  ASTM  sea  water 
[3],  The  data  from  the  latter  report  have  been  critically  reviewed,  supplemented  with  data 
from  the  continued  testing  of  the  same  sample  set  and  have  been  reanalyzed  using  a  mo¬ 
dified  equivalent  electrical  circuit  [4]. 

The  testing  involved  four  distinct  types  of  epoxy-polyamide  coatings  dip-coated 
onto  1010  carbon  steel  panels.  The  two  opaque  types  were  primers  and  topcoat-primers 
per  MIL-P -24441.  Two  transparent  types  involved  a  neat  epoxy-polyamide  coating  with 
chemistry  equivalent  to  that  for  MIL-P-24441  and  the  neat  epoxy-polyamide  system  con¬ 
taining  a  silica  filler.  Each  type  allowed  somewhat  distinct  observations  with  respect  to 
coating  deterioration  and  EIS  parameter  correlations. 

The  test  program  has  demonstrated  the  capability  of  the  EIS  technique  in  assessing 
both  the  initial  integrity  of  a  coating  system  and  in  monitoring  the  coating  degradation 
process.  The  data  indicate  EIS  parameters  allow  identification  of  subfilm  disbondment 
long  before  surface  evidence  of  coating  deterioration  is  apparent.  The  equivalent  circuit 
model  suggests  disbondment  areas  as  small  as  0.0001%  can  be  measured. 

ADMINISTRATIVE  INFORMATION 

This  project  was  supported  by  the  DTRC  Ship  and  Submarine  Materials  Block  Pro¬ 
gram  under  the  administration  of  DTRC  Code  0015.  The  project  coordinator  is  Mr.  Ivan 
Caplan;  The  work  was  performed  under  Work  Unit  1-2813-959  and  satisfies  milestone 
95CR3/5.  The  work  was  conducted  at  DTRC  in  the  Marine  Corrosion  Branch,  Code 
2813,  Mr.  Robert  J.  Ferrara,  Branch  Head. 

INTRODUCTION 

Electrochemical  Impedance  Spectroscopy  (EIS)  has  been  shown  by  several  investi¬ 
gators  to  be  quite  useful  in  monitoring  changes  to  organic  polymer  coated  metals  when 
exposed  to  a  variety  of  environments  [5-9].  The  EIS  technique  normally  involves  the  use 
of  the  usual  three  electrode  (test,  counter  and  reference),  electrochemical  cell  assembly. 
Applying  a  small  magnitude  a-c  signal  to  the  test  and  counter  electrodes,  one  can  measure 
the  test  electrode  impedance  and  phase  shift  values  over  a  reasonably  wide  range  of  a-c 
frequencies. 

These  data  are  then  interpreted  based  on  a  variety  of  equivalent  electrical  circuit 
models.  The  organic  coating  itself  exhibits  capacitive  (Ce0»t)  behavior  normally  observed 
in  the  high  frequency  (lOMo5  Hz)  range.  If  the  metal  becomes  exposed  to  the  electrolyte 
through  flaws  (holidays)  or  a  general  breakdown  of  the  protective  organic  coating,  corro¬ 
sion  of  the  metal  initiates  and  the  metal  solution  interface  responds  as  a  resistor-capacitor 
(R-C)  circuit  This  R-C  circuit  is  normally  observed  in  a  lower  frequency  region  (10'MO1 
Hz).  The  resistive  element  (Rp)  has  been  shown  by  several  investigators 
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[e.g.,  10]  to  be  inversely  proportional  to  the  metallic  corrosion  current  and  is  considered 
to  be  the  polarization  resistance,  normally  reported  with  units  of  resistance  times  area, 
i.e.,  ohm  cm2.  The  capacitive  response  should  be  expected  from  considering  the  metal- 
electrolyte  phase/charge  separation.  The  classical  studies  [11]  using  a  clean  mercury 
surface  in  aqueous  electrolytes  result  in  “double-layer”  capacitance  (Qi)  values  of  20-30 
pF/cm2.  However,  for  corroding  practical  metals  such  as  steel,  a  considerably  higher  in¬ 
terfacial  capacitance  is  measured.  Stable  specific  “pseudocapacitance”  (Cpc),  values  of 
200  pF/cm2  and  surface  roughnesses  of  3.5  have  been  determined  for  steel  in  a  neutral 
(Na2SC>4)  electrolyte  [12].  (Surface  roughness  is  a  unitless  ratio  of  the  true,  absolute  sur¬ 
face  area  of  an  exposed  sample  to  the  simple  planer  geometric  area  of  the  sample.  Values 
range  from  1.03  to  above  100  depending  on  the  material  and  construction  of  the  test  sam¬ 
ple.)  In  many  cell  designs,  the  EIS  technique  has  allowed  measurement  of  the  solution 
resistance  (Rq)  between  the  reference  and  test  electrode  at  very  high  frequencies,  this 
being  helpful  in  supporting  supplemental  testing  such  as  Tafel  slope  determinations. 

A  common  electrical  circuit  model  applied  to  coated  metal  surfaces  in  electrolytes  is 
shown  as  Fig.  1.  In  addition  to  the  previously  discussed  elements  of  Cco»t,  Cat,  Rq  and  Rp, 
an  additional  resistor  (Rpc*)  is  shown,  representing  one  or  a  collection  of  pores  through 
the  coating.  The  value  of  Rpo«  is  usually  much  larger  than  that  of  R&.  The  three  more 
common,  generalized  EIS  data  presentation  formats  for  the  circuit  are  shown  in  Fig.  2. 
Figure  2a  presents  the  data  in  the  Nyquist  format  (also  termed  the  Cole-Cole  plot,  the  Ar- 
gand  plot  or  the  complex  plane  plot)  where  the  impedance  values  at  each  frequency  are 
resolved  into  the  real  and  imaginary  terms.  The  model  in  Fig.  1  predicts  two  semicircles 
which  intercept  the  real  impedance  axis  at  three  points.  As  noted  earlier,  the  high  frequen¬ 
cy  semicircle  (left  in  Fig.  2a),  is  associated  with  the  coating  with  intercepts  at  Rq  and 
Rpo„  plus  Rq.  The  coating  capacitance  can  be  determined  via  Eq.  (1)  by  utilizing  the  fre¬ 
quency  at  the  maximum  (fm«  in  Hz)  of  the  semicircle  and  the  arithmetic  difference 
between  the  two  resistance  readings. 


(2)(7t)(fmiX)(Rpore) 

The  values  of  the  Faradaic  R-C  semicircle  (at  the  right  in  Fig.  2a)  are  determined  in  a 
similar  fashion.  The  Bode  formats  (Figs.  2b  and  2c)  are  considered  by  some  investigators 
to  be  more  useful  than  the  Nyquist  format  with  the  horizontal  data  “lines”  or  “shelves” 
associated  with  the  three  resistive  elements  and  the  capacitive  elements  being  associated 
with  the  -1  sloped  line  segments. 

Usually  all  five  of  the  circuit  elements  can  be  determined  with  conventional  EIS 
equipment  but  occasionally  the  cell  resistance  is  not  resolved  at  the  more  common  upper 
frequency  instrumentation  limit  of  105  Hz.  One  can  monitor  the  state  of  the  coating  using 
the  "coating  resistance”  (the  sum  of  all  three  R  terms),  the  metallic  corrosion  process 
(Rp),  the  pore  resistance  (Rpore)  or  the  coating  capacitance  (Cco«t)-  Leidheiser  [13]  attrib¬ 
utes  the  initial  use  of  the  d-c  resistance  measurements  for  monitoring  the  corrosion  of 
painted  metal  surfaces  to  J.K.  Wirth  (1939-1942).  A  general  quantitative  range  for  the 
electrical  resistance  of  a  good  coating  was  shown14  to  be  >108  ohm  cm2  whereas  poor 
coatings  were  associated  with  measurements  of  <106  ohm  cm2.  Good  coatings  did  show 
[14]  some  time  variation  of  the  measured  resistance,  probably  as  a  small  number  of  pores 
developed  and  then,  somehow,  became  plugged  again.  Poor  coatings  tended  to  exhibit  a 
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continual  decrease  in  resistance  as  might  be  expected  with  the  development  of  both 
larger,  and  more,  pores  and  an  increase  in  reactive  metal  surface. 


The  use  of  EIS  for  determining  the  total  impedancefresistance  of  the  coated  metal 
system  usually  requires  measurements  in  the  low  frequency  range  (i.e.,  102-10‘3  Hz) 
which  necessitates  more  measurement  time  than  would  a  higher  frequency  method.  Ex¬ 
amining  the  theoretical  EIS  response  of  the  coated  metal  model,  Haruyama  et  al.  [S] 
identified  several  unique  features  of  a  higher  frequency  measurement  which  they  named 
the  break-point  frequency,  4.  This  “point”  is  shown  in  Fig.  2b.  as  the  higher  frequency 
R-C  intercept  on  the  Bode  magnitude  schematic  redesignated  as  fM  hi  or  f45  and,  as  can  be 
seen  in  Fig.  2c,  also  corresponds  to  where  the  phase  shift  crosses  45  (therefore  the  desig¬ 
nation,  f4s)  as  the  EIS  response  changes  from  that  of  the  coating  capacitance  to  the  pore 
resistance.  Their  analysis  showed  Us  to  be  proportional  to  the  area  of  the  exposed  metal 
as  seen  in  Eq.  (2),  and  to  be  independent  of  the  coating  thickness,  hence  a  good  monitor 
of  the  coating  degradation  process. 


/45  = 


1  Ad 

(2 )(7i)(Q)(eXe0)  A, 


(2) 


where  g  is  the  pore  electrolyte  resistivity,  e  is  the  coating  dielectric  constant,  e0  is  the 
free  space  permitivity  constant  (8.85  X  10‘12  V/m),  Ad  is  the  coating  defect  area  and  A, 
is  the  total  sample  (coating)  area. 

The  usefulness  and  holiday  area  proportionality  to  Us  was  demonstrated  in  a  soil 
corrosion  experiment  [15].  As  will  be  shown,  there  are  occasions  where  the  break-point 
frequency  can  be  determined  from  only  the  Bode  magnitude  data  format.  In  these  cases, 
the  symbol  fM  will  be  utilized  to  distinguish  from  break-point  frequency  measurements 
obtained  off  the  Bode  phase  data  format,  4s* 

Earlier  publications  regarding  this  current  study  have  examined  the  usefulness  of 
the  various  EIS  parameters  in  predicting  the  stability  of  coated  epoxy  coated  steel  sam¬ 
ples  submerged  in  ASTM  sea  water  [1-3,16,17].  The  long-term  (550  day)  visually 
assessed  performance  was  shown  to  correlate  with  the  change  of  total  impedance,  to  the 
pore  resistance  and  to  £45.  The  better  correlation  was  obtained  with  EIS  measurements 
obtained  after  10-days  exposure  and  was  attributed  to  attaining  some  level  of  sodium  ion 
diffusion  through  the  coating  to  the  metal  surface  [17].  Water  and  oxygen  diffusion  were 
considered  to  have  occurred  at  significantly  higher  rates.  The  area  relationship  to  f45  was 
noted  to  require  a  stable  coating  dielectric  constant,  a  constant  pore  electrolyte  resistivity 
or  that  the  arithmetic  product  of  these  two  terms  remain  constant.  Possibly  the  changes  of 
these  two  “constants”  during  the  first  10  days  of  sample  exposure  could  account  for  the 
lesser  degree  of  correlation. 

The  general  coated  metal,  equivalent  circuit  model  was  recently  reexamined  and  the 
usefulness  of  a  second,  low  frequency,  break-point  was  observed  [4].  The  EIS  spectra  for 
the  general  coating  model  shown  earlier  in  Fig.  1  was  calculated  for  uniform  cylindrical 
pores  over  an  increasing  pore  area  range  of  0.000001%  to  1%.  The  model  (and  its  prede¬ 
cessors)  also  assumes  the  exposed  metal  area  is  the  same  as  the  coating  pore  area.  The 
second,  low  frequency  R-C  network  as  noted  earlier  is  associated  with  the  polarization 
resistance  (Rp)  and  the  metal/electrolyte  double  layer  capacitance  (C<n)  or  pseudocapaci- 
tance(Cpe).  This  second  break-point  frequency,  now  f4s  i0,  was  evident  with  linear 
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dent  of  the  pore  area  at  >10‘3%.  The  Haruyama  break-point  frequency,  now  £45  hi,  was 
seen  to  be  a  linear  function  of  pore  area  in  the  range  of  >0.01  %,  detectable  but  nonlinear 
in  the  range  of  10"4  to  103%  and  becomes  nondetectable  at  less  than  10'4%.  A  plot  of  the 
relationships  of  the  two  break  frequencies  with  coating  pore  area  is  summarized  as  Fig.  3. 
As  can  be  seen,  Us  k>  would  appear  to  be  the  better  monitor  for  early,  (i  e.,  small  percent¬ 
ages  of  pores)  coating  breakdown  problems  whereas  £45  hi  would  be  applicable  to  the  later 
stages  of  coating  breakdown  as  well  as  to  initially  poor  coatings. 

There  were  two  objectives  for  the  present  study.  The  first  was  to  determine  the  util¬ 
ity  of  EIS  measurements  and  equivalent  circuit  modeling  in  predicting  long-term  coating 
behavior  from  short-term  data.  The  second  objective  was  to  establish  a  long-term  EIS 
data  base  corresponding  to  the  visually  monitored  coating  breakdown  and  disbondment 
processes.  Prediction  is  important  for  quickening  coating  reformulation  testing  and  in 
quality  assurance  efforts.  Acquiring  long-term  EIS  performance  data  to  enhance  under¬ 
standing  of  the  coating  degradation  processes  may  provide  important  clues  for  additional 
coatings  research. 

EXPERIMENTAL 

The  experimental  apparatus  and  EIS  technique  have  been  discussed  in  detail  pre¬ 
viously  [1-3].  In  general,  four  types  of  laboratory  dip  coated  epoxies  were  applied  to 
precleaned,  1010  carbon  steel  panels.  These  included  different  thicknesses  of  an  epoxy 
polyamide  primer  per  MIL-P-24441,  a  topcoat/primer  epoxy  polyamide  system  per  Mil 
P-24441,  the  neat  (i.  e.,  pure  or  unfilled)  epoxy  polyamide  polymer  coating  with  organic 
components  per  MIL-P-24441  and  the  neat  epoxy  system  containing  a  high  surface  area 
silica  filler.  The  latter  two  systems  were  transparent  whereas  the  MIL-P-24441  coatings 
were  opaque.  Two  electrical  leads  were  added  to  one  of  the  narrow  sides  of  the  coated 
sample  and  this  area  as  well  as  the  panel  edges  and  back  side  was  coated  with  a  thick 
(-0.1  cm)  protective  layer  of  a  commercial  filled  epoxy  previously  shown  to  be  chemical¬ 
ly  stable  in  the  aerated  ASTM  sea  water  used  throughout  the  testing.  The  exposed  coating 
area  for  the  samples  was  roughly  7  by  9  cm.  Although  the  protective  layer  was  chemical¬ 
ly  stable,  there  was  sufficient  porosity  to  prohibit  meaningful  EIS  measurements  while 
the  samples  were  undisturbed  in  the  tank(s). 

The  samples  were  rack-positioned  horizontally  and  submerged  in  aerated  ASTM  sea 
water  for  up  to  4  years.  Algae  growth  on  the  panels  and  tank  surfaces  occurred  in  long 
exposure  tests  and  was  minimized  by  adding  an  opaque  coating  to  the  tank  top  and  walls. 
The  ASTM  sea  water  was  continually  aerated.  Make-up  deionized  water  was  added  when 
the  level  had  decreased  significantly  and  the  solution  was  replaced  roughly  annually. 

The  majority  of  the  samples  was  left  in  the  natural  condition.  The  potentials  of  these 
samples  varied  from  positive  values  (vs.  saturated  calomel  electrode,  SCE),  to  the  normal 
Ecorr  for  unprotected  steel  under  these  conditions  of  -0.68  (+/-  0.02)  volt,  reflecting  a  tiny 
but  undefined  area  of  exposed  steel.  Two  pairs  of  the  topcoat/primer  samples  were  sub¬ 
jected  to  cathodic  protection  potentials  of  -0.85  and  -1.25  volt  vs.  SCE,  respectively  for 
the  test  period.  Finally,  a  sample  of  each  of  the  neat,  the  silica  filled,  and  the  topcoat/ 
primer  coatings  was  deliberately  damaged  using  a  special  0.08-cm-diameter  tool  and 
exposed  in  the  natural  Ec0rT  condition. 


Periodically,  the  samples  were  lifted  from  the  tanks  for  EIS  and  visual  performance 
evaluation.  A  thin  layer  of  surface  slimes  was  removed  by  a  flowing  cold  tap  water 
stream.  The  zone  for  the  EIS  clamp-on  cell  was  pat-dried  with  a  clean  white  paper  towel. 
The  O-ring  sealed,  clamp-on  cell  containing  the  counter  electrode  was  then  attached, 
fresh  ASTM  sea  water  added  and  the  reference  electrode  positioned.  The  assembly  would 
be  essentially  ready  for  EIS  testing  within  roughly  5  minutes  after  removal  from  the  tank. 
Visual  estimations  of  the  blistering  and/or  rusting  were  made  at  the  same  time  with  photo¬ 
graphic  documentation  of  the  coating  surfaces  made  roughly  every  6  months. 

Quantitative  valuations  of  the  blistering/rusting  were  made  via  ASTM  D-610/714  and 
have  been  reported  previously  [3, 17].  Area  percentages  have  been  redetermined  from  the 
sample  photographs  and  these  area  values  are  utilized  in  this  report. 

The  EIS  data  were  obtained  utilizing  a  Stonehart  BC-1200  potentiostat,  a  Solartron 
1250  Frequency  Response  Analyzer  controlled  by  a  Tektronix  4052  computer.  In  most 
cases,  a  1000  ohm  measuring  resistor  was  utilized.  With  an  input  signal  of  60  mV  to  the 
13.1  cm2  sample  area  defined  by  the  test  cell  area,  this  would  result  in  an  upper  imped¬ 
ance  measuring  limit  of  5  X  107  ohm  cm2.  Highly  stable  and  resistive  coatings  have  been 
tested  without  damage  using  a  500  mV  signal  resulting  in  a  higher  measuring  limit  of  2.5 
X  10®  ohm  cm2.  In  general,  large  signals  should  be  avoided  as  visual  rusting  has  been 
accelerated  in  poor  coatings  when  using  only  a  10  mV  signal.  The  use  of  a  higher  resis¬ 
tance  measuring  resistor,  which  would  also  raise  the  measurement  limit  in  the  low 
frequency  range,  adversely  affected  the  high  frequency  data  and  therefore  was  discontin¬ 
ued  after  a  few  trial  runs.  Instrumental  functionality  and  accuracy  checks  were  made 
periodically  using  electronic  component  “dummy  cells”  assembled  with  1  or  2%  preci¬ 
sion  components. 

Analysis  of  the  EIS  data  was  made  utilizing  the  assumptions  of  the  basic  equivalent 
circuit  shown  previously  in  Fig.  1.  As  suggested  earlier,  the  cell  resistances  could  not  be 
measured  with  the  upper  frequency  limit  of  65,500  Hz  of  the  equipment  For  the  other 
components,  both  Bode  and  Nyquist  format  graphs  were  used  to  extrapolate  or  interpolate 
values  to  allow  calculations  of  the  two  capacitances  and  the  three  resistor  values.  For 
Ccoat,  the  interpolated  impedance  measured  on  the  Bode  magnitude  plot  at  104  Hz  was 
used  with  Eq.  (1.)  The  capacitive  slope  would  be  adjusted  to  -1  for  some  improvement  in 
accuracy,  the  normal  measured  slope  being  between  -0.97  and  -0.99.  Identifying  the  pres¬ 
ence  of  a  narrow  frequency  range,  impedance  “shelf'  corresponding  to  Rpore  in  the  Bode 
magnitude  format  was  assisted  in  many  cases  by  the  Bode  phase  information.  The  fre¬ 
quency  of  the  minimum  value  of  the  phase  response  would  be  utilized  to  verify  if  a  small 
impedance  “shelf’  was  present  in  the  Bode  magnitude  data  format.  The  C<u  value  (or  Cpc) 
was  normally  calculated  from  the  Bode  magnitude  and  phase  plot  information  using  Eq. 
(3.) 


where  fpm  is  the  frequency  of  the  phase  minimum  and  the  other  terms  are  as  given  pre¬ 
viously. 

The  polarization  resistance  (Rp)  was  normally  interpolated  from  the  Bode  magnitude  data 
format.  The  coating  resistance/impedance,  the  sum  of  the  electrochemical  resistances, 
was  taken  as  the  maximum  value  (Rmtx)  observed,  usually  at  10'3  Hz.  Occasionally  the 
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EIS  spectra  suggested  Rm„  to  be  essentially  a  diffusional  impedance  and  therefore  to  be 
probably  somewhat  less  than  would  be  determined  in  a  “pure”  d-c  measurement.  The  val¬ 
ues  were  quite  high  and  therefore  should  be  considered  as  another  indication  of  a  good, 
but  not  great  coating. 


RESULTS  AND  DISCUSSION 

The  results  from  the  study  are  presented  in  three  sections:  visual  blister  area  asses¬ 
sment,  the  use  of  initial  EIS  parameters  in  predicting  long-term  coating  performance  and 
the  use  of  the  EIS  parameters  in  monitoring  the  coating  delamination  process  over  time. 
The  results  are  then  also  subgrouped  in  the  last  two  sections  by  the  parameter  of  interest 
from  the  EIS  spectra.  Within  each  of  these  sections,  data  are  discussed  as  they  relate  to 
the  four  material  types:  (1)  The  primer  coating  data  from  four  distinct  coating  thicknesses 
allowed  time  trends  to  be  determined.  (2)  The  transparent  coatings  allowed  direct  obser¬ 
vation  of  subfilm  events  which  did  not  necessarily  result  in  blistering  as  defined  by  an 
apparent  rise  in  the  coating  surface.  (3)  The  opaque  topcoat/primer  system  is  the  major 
system  of  interest  and  (4)  The  last  group  is  that  involved  in  determining  the  effects  of  dif¬ 
ferent  cathodic  potentials  on  the  delamination  process. 

BLISTER  AREA  ASSESSMENT 

The  delamination  process  or  blistering  data  from  the  various  epoxy  coating  systems 
are  summarized  in  Figs.  4,  S  and  6  for  the  primer  samples,  the  other  coatings  and  the  ca- 
thodically  protected  samples,  respectively.  As  can  be  seen,  once  the  process  starts,  the 
delaminating  area  tends  to  increase  linearly  with  exposure  time.  This  is  as  expected  from 
diffusional  considerations  where  the  diffusing  front  (linear  distance)  would  increase  with 
the  square  root  of  time.  Since  blister  area  increases  as  the  square  of  the  diffusion  front, 
this  results  in  a  linear  area-time  relationship.  This  general  behavior  has  been  observed 
with  polybutadiene  and  alkyd  coatings  [18]  on  steel  and  adhesive  bonded  rubber  on  steel 
[19]. 

The  onset/delay  time  and  the  rate  data  for  the  four  classes  of  coatings  are  also  sum¬ 
marized  in  Tables  1  through  4.  Although  there  may  be  a  relationship  between  the  coating 
thickness  and  either  the  onset  time  or  the  blistering  rate,  the  type  of  coating  (filled  vs. 
neat)  is  seen  to  be  more  influential.  Whereas  the  filled  polymer  coatings  exhibited  rough¬ 
ly  a  10%  per  year  blistering  rate,  the  neat  system  degraded  at  a  ten-fold  higher  pace. 
Additionally,  in  the  primer  series,  the  thinner  coatings  were  one  layer  (dip)  samples 
whereas  the  two  thicker  pairs  were  two  layer  coatings  with  roughly  a  week,  room  temper¬ 
ature,  cure  time  between  applications.  The  dual  layer  structures  were  significantly 
superior  with  respect  to  the  onset  time. 

The  reported  “blistering"  rates  for  the  transparent  coatings  may  also  be  higher  as  a 
result  of  being  able  to  observe  delaminations,  (i.e.,  subfilm  patterns,  as  opposed  to  gener¬ 
al  discolorations)  which  might  not  affect  the  surface  topography  sufficiently  to  be 
considered  as  an  “ASTM  blister"  in  an  opaque  coating.  These  transparent  coating  delami¬ 
nation  rate  data  should  however  be  more  applicable  to  rate  data  obtained  via  the  EIS 
technique.  A  question  as  to  a  uniformly  discolored  subfilm  surface  being  considered  as 
disbonded  and  therefore  the  coating  not  exhibiting  the  “standard"  dielectric  constant  was 
not  resolved.  An  easily  observed,  mosaic/pattem  was  considered  necessary  to  rule  that 
area  as  disbonded. 
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The  applied  potential  also  influences  the  topcoat/primer  blistering  rate  as  can  be 
seen  in  comparing  the  data  in  Table  4  to  that  of  Table  3.  The  more  cathodic  potential 
clearly  accelerates  both  the  onset  time  and  the  blistering  rate. 

THE  USE  OF  INITIAL  EIS  PARAMETERS  IN  PREDICTING  LONG-TERM 
COATING  PERFORMANCE 

The  initial  EIS  parameter  values  are  summarized  in  Tables  5  to  8.  Although  several 
of  the  EIS  runs  were  made  within  1  to  2  hours  of  ASTM  sea  water  exposure  and  therefore 
are  truly  “initial  runs”,  a  few  samples  were  evaluated  as  late  as  7  days  following  expo¬ 
sure.  The  day  after  immersion  of  the  initial  EIS  run  is  included  as  part  of  the  sample 
number  in  Ihbles  5  to  8. 

Coating  and  Metal  Polarization  Resistance,  or  Rp 

The  only  initial  EIS  parameter  found  to  correlate  with  the  visual  epoxy  coating  blis- 
tering/degradadon  processes  is  the  coating  resistance  Rmu  (as  well  as  the  corresponding 
metallic  corrosion  Rp).  As  suggested  in  the  introduction,  when  Rm„  exceeded  10®  ohm 
cm2,  the  coating  performance  was  good  or  excellent.  If  the  value  was  less  than  106  ohm 
cm2  then  the  coating  performance  was  poor.  Applying  a  cathodic  potential  for  as  short  as 
two  days  lowered  the  initial  10*  Rm«  value  to  about  3  X  107  ohm  cm2,  the  blistering  rate 
was  then  dependent  on  the  level  of  applied  cathodic  potential . 

In  that  the  coating  resistance  is  a  measure  of  the  electrochemical  processes  transpir¬ 
ing  through  the  coating,  one  should  expect  both  visual  blister  parameters  to  be  related  to 
the  coating  resistance.  Just  as  the  polarization  resistance  is  inversely  proportional  to  the 
corrosion  current  density  via  the  Stern-Geary  equation,  the  coating  resistance  value  can 
also  be  equated  with  an  electrochemical  rate  or  current  density.  Higher  R™.*  values 
should  represent  superior  barriers  for  corrosion  processes  and  therefore  should  be  directly 
proportional  to  the  blister  onset  time.  This  premise  is  not  inconsistent  with  the  data  as  can 
be  seen  in  Fig.  7.  The  set  of  four  thinner  primer  samples  which  exhibited  degradation  on 
immersion  into  the  ASTM  sea  water  have  been  arbitrarily  positioned  at  0.1  day,  and  the 
four  samples  showing  no  blistering  at  the  time  of  this  report  are  shown  at  the  right  of  the 
data  field  as  indicated  with  arrows.  The  scatter  is  large  as  the  data  represent  different  ma¬ 
terials  as  well  as  number  of  coats  in  the  case  of  the  primer  system.  Once  the  blistering 
process  has  initiated,  the  blister  area  expansion  rate  should  be  directly  proportional  to  the 
corroding  processes,  and  therefore  inversely  proportional  to  the  Rm„  value.  The  correla¬ 
tion  should  be  best  for  the  value  of  Rm„  at  the  time  of  the  blister  propagation  but  a 
reasonable  correlation  to  the  initial  Rm„  values  of  at  least  the  primer  coatings  is  also  ob¬ 
served  in  Fig.  8  where  the  data  are  plotted  on  a  log-log  basis.  Again,  the  scatter  for  the 
other  materials  and  test  conditions  is  apparent  but  the  general  behavior  is  what  one  would 
expect. 

The  primer  coatings,  Rm„  data  show  a  bimodal  correlation  with  coating  thickness, 
the  one  coat  samples  with  a  calculated  specific  resistivity  of  5  X  108  ohm  cm  and  the  dual 
coating  pieces  with  the  significantly  higher  value  of  2  X  1010  ohm  cm.  This  may  be 
another  confirmation  of  Mayne’s  argument  [20]  that  a  second  layer  with  a  given  distribu¬ 
tion  of  flaws  has  a  low  probability  of  site  matching  to  the  first  layer.  The  three  neat 
polymer  samples  exhibited  the  highest  average  specific  resistivity  of  3.4  X  1010  ohm  cm, 
whereas  the  dual  coated,  filled  samples  all  averaged  about  2  X  1010  ohm  cm.  These 
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values  are  significantly  below  the  reported  [21]  volume  resistivity  range  for  cast  epoxies 
of  1016  to  1017  ohm  cm.  This  is  caused  by  the  thru-film  flaws  (pores)  which  are  electro- 
chemically  conductive,  as  well  as  because  of  the  EIS  instrumentation  limitations. 

There  is  insufficient  evidence  to  support  a  closer  relationship  between  initial  Rmtx 
values  in  the  10®  range  with  either  the  onset  time  or  the  blistering  rate  that  is  independent 
of  the  type  of  material.  This  can  be  seen  in  the  wide  range  of  visual  blistering  data  be¬ 
tween  the  neat  coatings  and  the  topcoat/primer  systems  while  the  initial  Rou  values  are 
all  from  2  to  4  x  10®  ohm  cm2. 

Coating  Pore  Resistance,  Rpon 

The  presence  of  a  measurable  Rpore  shelf  correlates  to  a  certain  extent  with  the  blis¬ 
tering  onset  time  with  the  more  stable  coatings  tending  to  have  no  discemable  shelf  in  the 
Bode  magnitude  data  format  and  no  inflection  in  the  Bode  phase  format.  The  equivalent 
circuit  model  would  suggest  that  a  Cai  value  about  the  same  as  Cc0*t  would  be  required  to 
enable  Rp^  to  be  measurable.  This  would  be  expected  to  take  some  time  (days?)  to  de¬ 
velop.  The  thinner  primer  samples  with  R^  values  less  than  104  ohm  cm2  exhibited 
considerable  corrosion  from  the  initial  submerge  tim? 

Coating  Capacitance,  Cc0at 

The  initial  coating  capacitance  values  from  the  EIS  technique  showed  no  particular 
relationship  to  the  coating  stability  but  did,  as  expected,  show  the  inverse  relationship 
with  thickness.  Excluding  the  20-pm-thick  primer  samples,  the  capacitance  values  corre¬ 
sponded  to  a  dielectric  coefficient  (e)  of  3.7,  acceptably  close  to  the  3.6  value  for  cast 
epoxies  [21].  The  addition  of  mineral  fillers  could  raise  the  initial  (and  dehydrated,  i.e., 
water  free)  e  value  to  the  4-8  range  depending  of  the  particular  materials  involved.  The 
significantly  higher  values  observed  with  the  20-pm-thick  primers  might  reflect  rapid  ab¬ 
sorption  of  water  but  are  probably  more  associated  with  data  deconvolution  problems 
with  these  samples  with  relatively  close  R,***  and  RQ  values. 

Break-Point  Frequencies,  f45  u(orfa),fin  hi(orfa),f45  h,fa  lo 

Discussion  of  the  usefulness  of  the  initial  break-point  frequencies  requires  the  deter¬ 
mination  of  which  break-point  frequency  is  displayed.  No,  or  very  low  values,  are 
associated  with  good  coatings  (i.e.,  long  blister  onset  times)  as  the  data  in  Tables  5 
through  8  indicate.  In  several  cases  and  especially  with  the  thinner  primer  coatings,  the 
more  cleanly  defined  data  for  the  low  break-point  frequency  value  would  be  available 
only  from  the  Bode  phase  data  format.  The  maximum  phase  shift  value  would  be  less 
than  40°  and  therefore  a  true  f45 10  value  could  not  be  determined.  Rather  than  disregard 
the  information,  the  frequency  at  the  "phase-wave”  half  height,  designated  as  f«5  io.  was 
utilized,  these  values  then  included  in  the  tables. 

Based  on  the  equivalent  circuit  model,  the  low  (i.e.,  less  than  1  Hz)  frequencies 
would  indicate  a  corrosion  area  of  less  than  0.0001  %.  This  would  suggest  the  break -point 
frequency  can  be  used  to  monitor  the  onset  of  the  blistering  considerably  before  any  visu¬ 
al  evidence  is  apparent.  The  presence/values  of  initial  higher  break-point  frequencies 
does  not  correlate  with  the  observed  blistering  rate. 
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THE  USE  OF  EIS  PARAMETERS  IN  MONITORING  COATING  PERFORMANCE 
OVERTIME 

Coating  and  Metal  Polarization  Resistances,  Rnuu  or  Rp 

The  coating  resistance  (R^ax)  or  the  polarization  resistance  (Rp)  both  correlate  quite 
well  with  the  disbonded  areas  for  samples  showing  rapid  development  of  visual  rust  and/ 
or  blisters.  The  value  of  Rp  is  normally  between  60  and  95%  of  Rm„  depending  on  the 
extent  of  coating  damage  and  the  magnitude  of  Rp^.  By  using  a  Stera-Geary  constant  of 
0.0174  (60  mV  anodic,  120  mV  cathodic  Tafel  constants)  and  assuming  the  steel  corrodes 
at  a  1  pA/cm2  rate,  the  calculated  corroding  area  values  match  the  visual  rust/blister  area 
data  with  respect  to  time  for  the  20  and  55-pm-thick  primer  coatings  when  the  exposed 
areas  are  in  the  15  to  80%  range  as  is  shown  in  Figs.  9  through  12.  The  ASTM  rust  area 
values,  previously  applied  as  an  equivalent  blister  scale,  are  included  on  the  figures  as  an 
additional  reference.  In  the  exposed  area  range  of  about  5  to  15%,  the  use  of  a  0.03  pA/ 
cm2  corrosion  current  density  would  allow  an  excellent  fit  as  can  be  envisioned  in  Fig. 

12.  This  lower  corrosion  current  density  also  yielded  good  disbonded  area  values  when 
used  for  the  one  thicker  (121  pm)  primer  coating  which  exhibited  blistering  as  is  shown 
in  Fig.  13.  As  can  be  seen,  the  Rp  data  track  the  visual  blister  areas  quite  well. 

The  three  thicker  primer  coatings  showing  no  blistering  (116, 180  and  183m),  ex¬ 
hibited  the  same  general  changes  of  an  early  decrease  in  Rp,  possibly  indicating  0.01% 
disbondment,  and  then  slowly  increased  to  the  108  ohm  cm2  range.  This  general  behavior 
also  occurred  with  the  two  topcoat/primer  samples  not  exhibiting  rust/blisters  in  the  3.5+ 
years  exposure. 

The  P-m»x  and  Rp  values  did  not  track  well  with  samples  showing  long  blister  onset 
times  which  also  coincide  with  nonrusting  blisters.  The  initial  values  were  high  (108  nhm 
cm2)  and  either  remained  high  or  became  somewhat  higher  with  time.  This  was  observed 
with  one  topcoat/primer  sample  and  the  neat  as  well  as  silica  filled  clear  epoxies.  Final 
blister  areas  varied  from  5  to  85%  and  neither  R^  nor  Rp  values  give  an  indication  of 
the  beginning  or  development  of  this  blistering  process.  A  typical  data  set  is  presented  in 
Fig.  14,  the  data  being  from  the  74-pm-  thick  neat  epoxy  coating.  Lowering  the  corrosion 
current  density  to  0.01  A/cm2  for  the  Rp  area  calculations  shows  an  apparent  initiation  of 
the  disbonding  in  the  first  9  or  so  months,  this  corrosion  current  then  falling  and  staying 
low  after  about  15-months  exposure.  One  explanation  for  this  rather  dramatic  contradic¬ 
tion  to  the  behavior  of  the  primers  would  be  that  the  pore  resistances  were  large  and 
beyond  the  range  of  this  particular  instrumental  setup  and  therefore  the  changes  to  the 
coating  impedance  values  were  not  observable.  In  addition,  the  conductive  region(s)  of 
the  coating  may  have  been  located  adjacent  to  the  cell  area.  The  coating  in  the  cell  area 
may  have  been  truly  resistive  preventing  electrochemical  communication  with  the  sub¬ 
film  metallic  surface.  Therefore  the  presence  of  a  high  R,„„  or  Rp  value  did  not  assure 
subfilm  inactivity  whereas  a  moderate  value  would  assure  activity. 

Coating  Pore  Resistance,  Rpo„ 

As  mentioned  earlier,  the  presence  of  a  measurable  Rpo«  tended  to  mean  that  the 
corrosion  process  was  reasonably  active.  If,  however,  the  metallic  pseudocapacitance  was 
less  than  about  150%  of  the  coating  capacitance,  then  R^  would  not  appear  as  a  cleanly 
identified  “shelf’  in  the  Bode  data  format  This  tends  to  rule  out  the  use  of  Rpc*  to  moni- 
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tor  the  early  disbonding  process  except  with  rapidly  degrading  coatings.  In  those  cases 
the  Rpore  values  decreased  at  the  rate  predicted  by  die  equivalent  circuit  model.  There 
seems  to  be  a  divergence  of  measured  Rp<,re  values  compared  to  model  numbers  at  smaller 
pore  areas,  with  the  measured  Rp^*  values  becoming  significantly  larger  than  expected. 
This  might  be  explained  by  utilizing  a  different  calculation  for  the  small  pore  resistances 
which  has  been  derived  for  porous  insulators  as  used  in  battery/fuel  cell  separators  [22].. 
The  increase  in  the  electrolyte  resistivity  caused  by  the  porous  coating  (separator)  is  re¬ 
lated  to  the  normal  geometric  factors,  increased  by  volume  quantity  of  the  solids.  The 
relationship  for  a  porous  body  of  cylindrical  particles  is  given  as  Eq.  (4)  and  shows  that 
where  solids  contents  exceed  99%,  this  factor  dominates  the  resistance  calculation. 

q  C  0 

RUpor«or  =  —  _fi-  (4) 

where  p  is  the  electrolyte  specific  resistivity,  1  is  the  pore  length  or  coating  thickness  A  is 
the  coating  area  and  f  is  the  solids  volume  fraction. 

This  relationship  has  been  shown  [22]  to  be  influenced  by  the  general  particle  shape, 
therefore  by  the  general  configuration  of  the  pore,  and  has  been  verified  experimentally 
for  the  density  range  of  10  to  95%. 

Coating  Capacitance,  Ccoai 

The  coating  capacitance  values  increased  with  exposure  time  in  an  expected  expo¬ 
nential  fashion.  Typical  data  are  shown  in  Fig.  15  for  the  topcoat  plus  primer  samples. 

The  increase  in  coating  capacitance  would  correspond  to  the  increase  in  dielectric  con¬ 
stant  by  water  absorption  of  from  3  to  5  weight  percent.  The  effect  on  the  dielectric 
constant  of  exchanging  residual  coating  solvents  (i.e.,  2-ethoxy  ethanol,  2-butoxy  ethanol 
and  mineral  spirits  paint  thinner)  in  the  coating  with  water  is  unknown. 

The  thinner,  most  rapidly  corroding  primer  samples  decreased  in  impedances  to  a 
sufficient  extent  that  the  only  measurable  capacitance  was  that  of  the  metallic  surface,  the 
coating  capacitance  would  be  measurable  only  above  65  kHz. 

There  may  be  a  tendency  to  observe  a  slight  decrease  in  coating  capacitance  with 
the  samples  showing  the  longer  blister  onset  times.  This  would  be  expected  via  a  loss  of 
coated  area.  However,  the  data  did  not  support  as  large  an  area  change  as  was  observed 
visually.  A  reevaluation  of  the  basic  coating  equivalent  circuit  model  is  necessary  for  fur¬ 
ther  insight  into  this  problem. 

The  coating  capacitance  values  should  provide  interesting  information  with  respect 
to  influx  of  water  and  changes  to  the  chemistry  of  the  polymer  with  continual  exposure 
time.  However,  as  the  value  is  a  function  of  three  factors:  (area  (perhaps  bonded  and  non- 
bonded);  film  thickness;  and  dielectric  constant)  all  of  which  may  be  changing  with 
continued  exposure  time,  this  EIS  parameter  does  not  appear  suitable  to  monitor  disbond¬ 
ing  area. 

High  Break-Point  Frequency,  f4s  hi  (or  fa),  fa  hi  (or  fa) 

The  high  break-point  frequencies  tend  to  correlate  in  a  similar  fashion  as  the  R^ 
values.  As  seen  in  Figs.  16  through  19,  the  fM  hi  values  for  the  thinner  primers  increased 
at  a  1  kHz/%  active  area  rate,  considerably  lower  than  the  model  parameters  predicted 
(-4000  kHz/%).  This  1  kHz/%  parameter  was  used  to  calculate  disbondment  area  values 
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and  these  were  included  in  Figs.  9  through  14  where  the  area  fits  were  presented  on  a  lin¬ 
ear  and  time  basis.  There  was  an  upper  applied  frequency  limit  via  the  instrumentation  of 
65 .5  kHz  which  therefore  limited  the  higher  area  percentages  to  the  50%  range.  The  high 
break-point  frequency  tended  to  track  at  a  constant  value  in  the  1  to  15%  range  as  the 
model  would  suggest  The  value  from  the  Bode  magnitude  data  format  (fM  hi)  was,  in 
general,  easier  to  evaluate  than  the  Bode  phase  (£43)  information.  The  £43  values  could  be 
masked  by  both  the  sample  exhibiting  low  impedance  values  leading  to  overall  phase 
shifts  less  than  40  degrees  as  well  as  resolution  interferences  from  the  low  frequency 
break-point  frequency  process. 

The  high  break-point  frequency  values  for  the  samples  showing  no  blistering  tended 
to  decrease  with  sample  exposure  time.  Typical  results  from  the  180-pm-thick  primer  are 
presented  as  Fig.  20.  Using  the  1  kHz/%  value,  the  data  would  suggest  exposure  areas 
could  be  as  high  as  10%  initially  but  decrease  to  less  than  1%  within  6  months.  Initial 
subfilm  delamination  area  values  this  large  that  do  not  result  in  visual  coating  damage 
appear  illogical  and  suggest  a  closer  reexamination  of  the  model  parameters  is  in  order. 

The  six  samples  which  developed  delamination/blisters  after  the  longer  onset  times 
all  tended  to  show  an  initial  high  constant  and  then  increasing  fM  value  during  the  first  9 
or  so  months  exposure.  In  two  cases  the  increase  tracked  with  the  appearance  and  an  in¬ 
crease  in  delamination/blister  area,  the  data  for  the  69-pm  neat  epoxy  coating  presented  in 
Fig.  21.  In  four  cases  the  fM  value  decreased  sharply  at  about  1-year  exposure  and  re¬ 
mained  low  with  the  blisters  developing  at  2.4  to  3.5  years  exposure,  a  typical  data  set 
shown  in  Fig.  22  for  the  157-pm-  thick  topcoat  plus  primer  sample.  Samples  showing 
blistering  after  2-years  exposure  did  not  exhibit  a  positive  correlation  with  fM  values 
around  or  following  the  observation  of  the  physical  blister.  In  that  five  of  these  six  sam¬ 
ples  were  transparent  and  the  initial  definition  of  delamination  required  a  mosaic  or 
pattern,  perhaps  the  presence  of  the  uniform  discoloration  by  itself  was  sufficient  to  result 
in  an  electrochemically  active  surface.  The  model  parameters  for  this  situation  have  not 
been  resolved  at  this  time. 

Low  Break-Point  Frequency,  fa  u>  or  fa  lo 

The  model  calculations  suggested  that  the  low  frequency  intercept  between  the  met¬ 
al  surface  capacitance  slope  and  Rp,  would  be  more  useful  with  small  delamination  areas. 
A  value  of  between  0.1  and  1  Hz  (with  Rp  levels  of  10s  ohm  cm2)  was  normally  observed 
for  the  highly  corroding  samples  as  is  shown  in  Figs.  16  and  17  and  the  value  would  re¬ 
main  roughly  constant  throughout  the  test.  The  model  suggests  a  constant  upper  limit  of  6 
Hz  for  delamination  areas  above  10"3%;  therefore,  the  observations  were  somewhat  con¬ 
sistent  with  the  model. 

However,  the  samples  showing  no  delamination  also  exhibited  a  constant  £45  i0 
value  in  the  0.01  to  10  Hz  range,  a  typical  set  of  results  being  shown  in  Fig.  20.  The  gen¬ 
eral  EIS  spectra  for  these  samples,  especially  in  the  later  stages,  could  be  described  as 
largely  capacitive  with  a  upper,  high,  perhaps  instrumental  measurement  limit  shelf 
(which  might  be  misinterpreted  as  Rm„).  Again,  a  more  sensitive  unit  allowing  higher 
impedance  measurements  in  the  1010  to  1012  ohm  cm2  range  appears  to  be  required  for 
using  fM  io  as  the  area  monitor  in  the  early  delamination  stages. 
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SUMMARY 

Epoxy  coated  steel  samples  were  exposed  to  ASTM  sea  water  for  up  to  4  years  and 
monitored  using  EIS  and  visual  techniques  for  determining  coating  delamination  rates. 
The  EIS  parameters  were  shown  to  be  quite  useful  in  the  study  of  coating  delamination/ 
degradation  processes.  The  following  specifics  were  noted: 

•  EIS  is  most  useful  when  the  coating  degrades,  opening  pores  as  the  degrada¬ 
tion  progresses.  Then  R^,  Rp,  R^re,  and  fM  or  f4j  can  be  used  to  identify 
disbonded  areas  as  well  as  the  rate  of  disbonding.  The  thin,  single  coat, 
primer  samples  served  as  good  examples  here. 

•  Of  the  EIS  parameters,  Rmax  or  Rp  appear  to  be  the  most  useful  as  they  allow 
an  initial  appraisal  of  the  coating  integrity.  Then  R^  or  Rp  can  be  used  to 
monitor  changes  to  the  film  as  environmental  exposure  is  continued. 

•  EIS  parameters  allow  “observation”  of  subfilm  delamination  processes 
prior  to  surface  topography  changes. 

•  EIS  is  also  useful  for  monitoring  the  case  of  visually  observed  blistering 
which  has  an  apparent,  limited  pore  area. 

•  Different  model  parameters  are  apparently  needed  when  coating  pores  plug 
but  the  blister  area  continues  to  grow.  Here,  the  true  area  of  disbondment 
may  be  quite  high  but  the  EIS  spectra  is  controlled  by  Rpore.  The  metallic 
area  may  have  a  considerably  lower  corrosion  rate  as  the  alkalinity  of  blister 
liquor  increases.  Cpc  and  or  C<u  may  be  significantly  different  in  the  alkaline 
fluid  vs  ASTM  sea  water.  It  is  possible  that  nothing  in  the  EIS  spectra 
would  be  proportional  to  disbonded  area  during  the  transition  period  be¬ 
tween  the  three  possible  models. 

•  The  use  of  the  high  Hz  break-point  frequencies,  f«  or  fM  w  appears  to  be 
limited  to  monitoring  delamination  areas  of  from  1  to  about  75%.  The  cur¬ 
rent  model  would  suggest  the  Us  value  should  be  applicable  for  monitoring 
down  to  a  lower  delamination  area  of  0.01%.  However,  the  epoxy  coated 
samples  showed  that  the  metal  surface  pseudocapacitance  causes  an  inter¬ 
ference  in  the  approximate  range  of  0.01  to  1%  delaminated  area. 

•  The  coating  capacitance  (Cco»t)  value  which  was  readily  determined  is  not 
appropriate  for  monitoring  delamination  areas.  The  change  in  Ccoa(  value 
during  the  first  100  or  so  hours  may  be  related  to  blister  propagation  rates, 
however  there  was  insufficient  data  in  this  experiment  to  determine  a  rela¬ 
tionship.  Further  investigation  is  warranted  in  this  area. 

•  The  low  break-point  frequency,  identified  in  a  reanalysis  of  the  coating 
equivalent  circuit  model,  should  be  applicable  for  monitoring  the  delamina¬ 
tion  area  during  the  initial  periods  of  the  coating  delaminadon  processes. 

The  instrumentation  and  test  cell  require  improvement  to  allow  measure¬ 
ment  of  coating  impedances  of  1012  ohm  cm2  for  a  meaningful  use  of  fM  i0- 
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CONCLUSIONS 

The  utility  of  EIS  for  predicting  long-term  coating  performance  from  short-term 
data  has  been  verified.  To  this  end,  specific  EIS  parameters  and  their  utility  and  limita¬ 
tions  have  been  identified.  EIS  also  has  utility  in  following  coating  degradation  over  time. 
There  are,  however,  some  issues  to  be  resolved  regarding  correlation  of  certain  EIS  pa¬ 
rameters  with  coating  degradation  processes.  The  usefulness  of  fM  io  in  monitoring  the 
initiation  of  the  delamination  process  and  the  modeling  of  rustless  blister  formation  are 
two  areas  of  immediate  interest. 
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Table  1 .  Disbonding  rate  data  for  primers  via  ASTM  D--61 0/71 4. 

(celt  area  only) 


Sample  Number 

Coating  Thickness 

(|xm) 

Onset  Delay 
(days) 

Disbonding  Rate,  ASTM 
(%/day) 

406 

20.0 

0 

0.7 

407 

24.6 

0 

0.37 

401 

54.2 

0 

0.027 

402 

55.0 

0 

0.037 

332 

116.0 

1095 

331 

120.8 

185 

0.026 

327 

180.3 

>1460 

0 

326 

182.9 

<1460 

0 

Table  2.  Disbonding  rate  data  for  transparent  coatings  via  ASTM  D-610/714. 

(cell  area  only) 


Sample  Number 

Coating  Thickness 
(pm) 

Onset  Delay 
(days) 

Disbonding  Rate; 
ASTM  (%/day) 

201 

68.3 

930 

0.19 

Neat 

202 

69.4 

220 

0.26 

206 

73.9 

140 

0.16 

Plus 

101 

75.9 

1240  est. 

0.04  est. 

Silica 

102 

77.0 

870 

0.037 

Table  3.  Disbonding  rate  data  for  topcoat/primers  via  ASTM  D-61 0/714. 

(cell  area  only) 


Sample 

Number 

Coating  Thickness 
(pra) 

Onset  Delay 
(days) 

Disbonding  Rate; 
ASTM 
(%  day) 

146.5 

>1210 

0 

317 

156.9 

845 

0.012 

159.7 

>1330 

0 
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Table  4.  Disbonding  rate  data  for  potential  affected  coatings  via  ASTM  D-61 0/71 4. 
(cell  area  only)  (H  indicates  0.007  cm2  holiday) 


Sample 

Number 

Coating  Thickness 
(pm) 

Onset  Delay 
(days) 

Disbonding  Rate; 
ASTM  (%/day) 

Neat 

205H 

74.8 

~9 

-1.0 

Plus  Silica 

105H 

84.1 

-45 

-0.022 

Topcoat/Primer 

325H 

143.4 

<23 

-0.020 

Topcoat/Primer,  -0.85V 

319 

145.3 

>1189 

0 

Topcoat/Primer.  -0.85V 

320 

155.2 

550 

0.004 

Topcoat/Primer,  -1 .25  V 

321 

155.5 

196 

0.026 

Topcoat/Primer,  -1 .25V 

322 

158.6 

453 

0.039 

Table  5.  Initial  EIS  parameters  from  epoxy  primer  coatings. 


Sample 

Number 

Coating 

Thickness 

(pm) 

^coating 

(pF/cm2) 

Rpore 
(ohm  cm2) 

fM 

(Hz) 

<45 

(Hz) 

406, d-1 

20.0 

5.0XI04 

3625 

5775 

7160* 

nso* 

407,d-1 

24.6 

1.4X104 

6155 

604 

44000“ 

r1 

401, d-1 

54.2 

144 

357000 

2865* 

4650* 

402,d-1 

55.0 

177 

178500 

5020* 

8400“ 

332, d-4 

116.0 

121 

26500 

40225* 

14* 

331  ,d-4 

120.8 

107 

61690 

25000* 

134c 

327, d-1 

180.3 

1.3X108 

71 

304000 

6390* 

6608* 

326, d-3 

182.9 

2.1X108 

101 

26500 

,  ■-  i 

65000* 

4C 

a  -  High  frequency  intercept;  b  «  estimate  of  1/2  phase  height;  c  -  Low  frequency  intercept; 
d  -  not  measurable. 


Table  6.  Initial  EIS  parameters  from  transparent  coatings. 


Sample 

Number 

Coating 

Thickness 

(pm) 

^max 

(ohm  cm2) 

^ooatinfl 

(pF/cm2) 

FW» 

(ohm  cm2) 

(HZ) 

I45 

(Hz) 

201,  d-3 

68.3 

3.6x1 07 

186 

13125 

65500 

- 

202, d-2 

69.4 

4.4x10® 

121 

- 

- 

- 

206,d-28 

73.9 

2.4X10® 

84 

- 

- 

- 

101, d-3 

75.9 

SpQH  !9| 

10 

696000 

22300 

15725 

102, d-3 

77.0 

USB 

10 

1X107 

1510 

1500 
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Table  7.  Initial  EIS  parameters  from  epoxy  primer  plus  topcoat  coatings. 


Sample 

Number 

Coating 

Thickness 

(pm) 

Hmax 

(ohm  cm2) 

^ooating 

(pF/cm2) 

Rpore 

(ohm  cm2) 

(Hz) 

<45 

(Hz) 

8,d-1 

146.5 

2.3X10® 

85 

- 

imsi 

7,d-6 

156.9 

3.4X10® 

31 

88500 

BhsI 

!6,d-6 

159.7 

3.3X10® 

82 

- 

B9 

■mi 

Table  8.  Initial  EiS  parameters  from  potential  affected  coatings. 
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IMAGINARY  IMPEDANCE 


CcOAT 


WHERE 

Ccoat  =  COATING  CAPACITANCE 
Cdl  =  DOUBLE  LAYER  CAPACITANCE 
Rn  =  SOLUTION  RESISTANCE 
Rpore  =  COATING  PORE  RESISTANCE 
Rp  =  METAL  POLARIZATION  RESISTANCE 

Fig.  1.  General  electrical  equivalent  circuit 
model  for  coated  metal  surface. 


LOG i Z i 


(SYMBOLS  SAME  AS  FIGURE  1. 
fM  lo,  fM  hi  BREAK  POINT  FREQUENCIES) 

Fig.  2b.  Bode  magnitude  format. 


PHASE.  <t> 

90°  _ 

45° — 

0°-. 

Fn  Ftt  +  Rpore  Z  '  LOG  u> 

REAL  IMPEDANCE  L0G  FREQUENCY 

(SYMBOLS  SAME  AS  FIGURE  1.  to  =  2Tif,  (SYMBOLS  SAME  AS  FIGURE  1. 

f  =  FREQUENCY  (cy/sec),  Z  =  IMPEDANCE)  fM  lo,  fM  hi  BREAK-POINT  FREQUENCIES) 

Fig.  2a.  EIS  Nyquist  format.  Fig.  2c.  Bode  phase  shift  format. 
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LOG  %  PORE  AREA 


Fig.  3.  Break-point  frequencies  as  a  function  of  pore  area. 
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PHOTOGRAPHED  BLISTER  AREA(%) 


IMMERSION  TIME,  (years) 


Fig.  4.  Primer  epoxy  coating  disbondment  rate  data. 
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PHOTOGRAPHED  BUSTER  AREA  (%) 
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Fig.  5.  Disbondment  rate  data  for  various  epoxies. 
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Fig.  7.  Initial  Rmax  data  and  blister  onset  time. 
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Comparison  of  disbonded  area-time  values  by  EIS  and  visual  techniques. 
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Fig.  1 1 .  Comparison  of  disbonded  area-time  values  by  EIS  and  visual  techniques. 
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SAMPLE  331, 121  Jim  PRIMER 
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Fig.  1 3.  Comparison  of  disbonded  area-time  values  by  EIS  and  visual  techniques. 
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Comparison  of  disbonded  area-time  values  by  EIS  and  visual  techniques. 
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Fig.  16.  Comparison  of  disbonded  area  and  EIS  parameters. 
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Fig.  17.  Comparison  of  disbonded  area  and  EIS  parameters. 
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Fig.  1 8.  Comparison  of  disbonded  area  and  EIS  parameters. 
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Fig.  1 9.  Comparison  of  distended  area  and  EIS  parameters. 
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Fig.  20.  Comparison  of  disbonded  area  and  EIS  parameters. 
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Fig.  21 .  Comparison  of  disbonded  area  and  EIS  parameters. 
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Fig.  22.  Comparison  of  disbonded  area  and  EIS  parameters. 
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